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ADSTILACT

We have usccl  spcchosc.opy  and higl) resolution imaging to stucly  the

disk-halo interaction in the edge-oII s]~iral  galaxy NGC 891, ~vhich is kIIOWII to

l]ave extrap] anar gas. Ila imaging of tllc N]? side of this galaxy mvcals diffuse

cmissioll-]inc  gas both  al]ovc ancl bclo}v tllc  p]anc, as W C]] as lIe\v  bul>blc-l ike

si,ructurcs  on 0.5 — 1 kpc scales emergi]]g  from the disk. ‘1’hc  diffuse cmissio]l

is best moclclcd  i]] the radial dircciion  as a clisk of consta]]t  c]nission  m e a s u r e

with a sharp cutoff. l,ong-slit  spcctIoscopy  of the IIQ line  within 2.4 kpc of the

galaxy’s plane shows departures from tl)c  vc]ocity  structure found in a mode]

with  strict coronation. ‘1’hc departures from coronation ra]]gc  up to 40 km s–],

consistent with galactic fountain tlIcoIy.

S’7iL<jcct 1) eadings: Galaxies: l]]tcrstcllar Matter, Galaxies: lndividua]  (NGC 891)
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1. I n t r o d u c t i o n

. ,,

Current  Lhcorics  of the interstellar medium  of our

bctwccn  gas in the disk and gas in tJIc halo. Galactic

Shapiro & l’icld  (1976), presents a picture of hot gas

galaxypostulatc  astrongconncction

fountain theory, first introduced by

escaping from the clisk, cooling in

tile IIalo, and falling back onto tlIc  disk. ‘1’his  idea was further dcvclopcd  in tJIc galactic

chimney mode] of Norman & lkeuchi  (I 989),  in which the hot gas rcacllcs  tl]c  l]alo via,

‘(chimneys” formed by the breakout of supcrbubb]cs  from the disk,

‘] ’hesc theories were developed not only to cxp]ain  phenomena iII our galaxy SUCII as

hi.g]l  velocity 111 clouds and diffuse X-ray gas, but also observations such as radio l]alos in

otllcr galaxies and cxtraplanar  emission-line gas in starburst galaxies. AlthouglI  assuming

this halo material comes from the disk dots proviclc  an explanation, it is not the only one

possible: the matcriaj  could bc accrcting  onto the galaxy fro]n  the intcrga]actic  lncdium,  for

cxmnplc.  Onc way of clistinguishing  bctwccn the possibi]itics  is {0 measure tl]c  velocity of

tllc cxtrap]anar  gas. Galactic fountaiu  tl)cory  would predict that c]nission-li]lc  gas cmcrp;ing

fron]  the disk would sllarc in the, disk’s rotation, wllilc  matter accrcti]lg  o])to tllc diSli frmn

Lllc outside would not bc rotating with the galaxy.

‘J’llis type of investigation is difficult to carry out for tlIc  Milky \Vay bccausc wc a~c

cmbccldecl  in its clisk. An edge-on external spiral galaxy WOUIC1 s}Iow cxtrap]anar  gas Inorc

clear] y, ancl  tlIc  kinematics of tllc gas would bc rclativc]y  siInplc to measure and model.

ILc:alixing  this, scvcra]  groups have maclc observations of cxtraplanar  gas i]] NG~ 891, an

edge-on galaxy thougl]t  to llavc  a “rC]”llal’liablC  si]nilarity’) to the Milky Way (vaIL clcr limit,

1984).  ltand  ct al .  (1990)  and ])cttmar  (1990)  i m a g e d  NGC 891 in IIn and found dif~usc

clnission  outside the plane to Izl > 4 kpc (tl]roughout  this papm, ~vc assu IIIc a dista])cc

to NGC 891 of 10 h4pc).  Doth  studies also found “worms’ ) or fila]]]cnts  of cn]issio]]-li:le

gas cxtcncling  over 2 kpc from LIIC disk. ,Similar  s t r u t . t u I m  i]) IJl in tlIe. h4ilky \Vay lIavc
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L>ccn i]ltcrprcicd  as the cool outer surfaecs  of galactic chin]  ncys. Kcppel  ct al. (1 991) took

long-slit spectra pcrpcndicu]ar  to the plane of NCC 891 and founcl IIo clmission  at [z I > ].4

kpc as WC]] as coronation of this emission-line gas with the disk of the galaxy to within the

accuracy of Lhcir nlcasurcnlcnts.

~’hisstucly  co]nbincsboth  }ligllcr  resol~ltio]] llainlagingof  the N13sidcof  the  ga laxy

(the siclc  seen to have the greatest anlou]lt  of diffuse emission and filan]cnts)  and long-slit

spcctrosc.opy  a long  two  pronlincnt  fllanlcnts. IIetails of the observations ancl initial

rcductio]]  arc in section 2. ‘J’hc 110 inlaging  rcvca]ed filan~ents  and bubbles not found in

ally previous study, including a pair of bubbles on opposite siclcs of the plane (SCC Section

3). ‘1’hc in]aging  also allowed us to crcatc a ]node]  of tile radial clistribution  of tlic diffuse

c:nlissio]l  (Scct,ion 4 ) . ‘J’l]is  rnodcl,  conlbincxl  with the rota.tie]] curve  of NGC 891 fro]n

lLupcll (1 991), is usccl to calculate Lhc spectra of corotating  gas. ‘J’hc comparison of these

]noclc] rcsu]ts  with our long-slit spectra shows sonic departures from coronation in tl]c

cxtraplanar  gas. l“uri,l]cr discussion a]ld co]lclusions  arc in Scctiol]  5.

2. Obscrvatiolls

IIotl] inqaging  and spectroscopy were c101)c usi]]g tl)c  2.4 nl IIilt]lcr ‘1’clcsco])c at tl]c

h!icl]iga]l-1)art]lloLltll-h41’1’  (h41)h4) observatory on l{itt  l’cak, Arizona. in both cases, ~vc

used  tl]c III{](3C 135 nlnl  canlcra  (Ijuppino  1 9S9) Tvitll a ‘j’l-4S49  CC]) (398 x 598 pixc]s).

2.1. Inlaging

‘J’l]c inlaging  was carried out on 3 octobcr  1991. With tl]c f7.5 secondary o]] the

tclcscopc,  the scale is 0.25” pixel- ], giving a total field of view of 1.7’x 2.5’. At tl)c  assumccl

distance to NGC 891 of 10 h4pc, tl]is corresponds to a linear size of 4.9 I{])C x 7.3 kpc.
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1~’our  900 s narrow  band  IIa images (using the K1’NO  filter set- the filter we used

had a central wavelength of 6565 ~ and a fLll]-widt]l-llalf-ll]  axill~ulll of 73 ~) and one 900

s Cousins broadband R image were taken. All were ccntcrcd on the apparent origin of the

previously discovered 2 kpc filan~ents  in the plane of NGC 891. ‘J’he  instrunlcnt  was rotatccl

so tl]at the long axis of the cl}ip was aligned with the plane of the galaxy.

‘]’hc in]ages  were rcduccd using the standard IllAl’ packages and calibrated using

standard stars observed by Massey et al. (1 988). ‘1’hc R band frame, scaled so that the

stars in it were the san~e nlagnitudc  as those in the coaddecl  J] o frame, was subtracted fronl

that  coaddcd  frame to give Figure  1. The vertical line on the left side of the image is clue

to Llccding  fron~ a bright foreground star.

2.2. S p e c t r o s c o p y

‘J’hc spectroscopy was obtai]led  1 October 1991 under ]lo]]]~l~otolllct]ic co]]ditions  using

a 600 line/nl]n grisnl  with a blaze wavelength of 5800 ~, ~’l)c projected slit width was 1.68”,

giving  a spatial scale of 0.728” pixc]-l  and a. dispersion scale of 2.27 ~ pix-cl-’ . With tllc

slit ]Jositioncd  along the long axis of the chip, the wavelength range covered was 5700-6900

A.

l’our 900 s spectra were  taki]]  cacll of t,hrcc  positions (see l“igure  2): cuts A

a~]d 11 along  two of the previously discovcrcc]  filanlents,  and cut C perpendicular  to

tllc plane of the galaxy near the nucleus. Initial rcductio]l  of the spectra ~vii,h  lI{AI’

])roduccd  onc-dinqcnsiona]  spectra with 11 pixel wic]c apcrturcx (8.01” or 0.388 kpc)  for

cacl] cut. ‘J’llc  first aperture in all cases was ccntercd  on i,l]c plane, wit]] subsequent  OJ]CS

extlc:]]cling  away fronl  the plane in bot]l  direct ions. l’ar  away fronl the plane wl}cre  tl]c

c]nission  was particularly weak but still cwidcnt,  larger  aperturcx lvcrc takcw so al] adequate

sig]]al-tc)-]]oisc ratio  could be obtained. ‘J’l]c  o]]c-di]]lc]lsio]]al  s]~cc.tra ~vcre  tl]c]] aIIalyzcd
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using a nlodificd  version of the software package I“IGAILO (clcvclopcd  by K. Shortridgc  at

AAO) tO

including

dctenninc  a central wavelength ancl f~~ll-wicltl~-ll  alf-~naxil~~~ll~l  for the 11 ~ line,

the nearby  [NII] and [S11] doublets whcIl  possible.

3. ]{.esults

‘1’he most  prominent features of the colltil~~l~l~ll-subtractccl  IIa in~agc of NGC 891 arc

the

the

il)c

tllc

two bubbles  elmcrging  fronl opposik  sides of the galaxy’s plane near the outer edge of

diflusc cnlission  region (Figure 1). ‘J’he  bubbles are

optical ccntcr of the galaxy. In addition to the two

plane of galaxy is quite apparcnto

in dctcnninillg  the 110 “lunlinosity  of the bubbles,

approxinlatc]y  2.1’ (6.1 kpc) N1}t of

bubb]cs,  diffuse cnlissiol]  outside of

two problcnl  s must bc solved:

defining tllc border of a region of interest, and compcnsaiinpj  fo] the diflusc  emission in tl]c.

background. If tllc second problcm  c.aIl bc solved, the first bccoIIIcs  less importalit  bccausc

tllc net flux froln  areas arouncl  the rcgioll  will bc zero (it is stlaiglltfoll~’ar<l  to cxcluc]c areas

of lligl IcI’ flux since tlIcy  can bc discrilninatcd  against). A third  ]Jroblcn-I  is dctcrlllining

what contribution the [h’]]] doub]ct  near IIo make to tl]c  IIlcasurcd luminosity since tllc

{i]tcr wc USCC] was broad  enough to include Lhosc ]illcs. ]<cl~pc] CL a]. (] g90) foLInd  11~/[NII]

ratios rauging  from 0.9 to 2.5 at various hcigl]ts  and radii in INGC. 891, so no dcfil~itivc

c.ollvcrsiol~  f~o]n lunli]losity  in the filter to llcr  lunlillosity  can bc ]nadc. For tllc  rclnailldcr

of this paper, lumil]ositics  and flllxcs  will Lc Ll]c total for tllc filter, LInlcss stat,cd  otllcrfvisc.

1]) addition, 1)0 corrections arc nladc for dust cxtillction  sillcc  the dust colltcllt  of these

structures is not well known.

WC used the l)l{OS  package in lI{AI°  to try to obtain lu]ninositics,  since it pcr]nits  onc

to draw polygons around regions and to cl]oosc backgroul]d  areas to bc SUbtJ$aCtCCl  from

t,llcsc rcg;ions. In practice+  wc found tl}at  even tllc  ]nost  carcfu]  cl]oicc of backgrollnds  still
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gavc some significant variation (up to a n~agnitude  in one case) in the lulninositics  of the

regions under consideration, although it was ICSS in~portant  for the hrightcst  regions duc

to their high flux relative to the cliffusc emission. 2’lIus,  when a range of magnitudes or

luminosities is given, it represents the results from using a range of backgrounds.

1 lubblc  A (in l“igure  1, above the plane at the ccntcr of the inlage) is relatively

sylnmctric.  It has a diameter of 12“ (580 pc); a fi]ament cnlcrgcs  off of one edge. ‘1’hc

background subtracted n~agnitudc  of the bubb]c  is 17.4- I 8.4 (depending on the background

region sclcctcd),  wl)ich  corresponds to a lunlinosity  of 1.2–3.0 x 1038  erg  S-l.

IIubblc  11 (bc]ow  the plane, clircctly  unclcrncath  IIubblc  A) is n)uch  nlore irregular .

]t cLIrvcs towards L]IC far edge of the galaxy, and  appears to l)avc  a hot spot at the cclge

furtl)cst  from tllc plane. It extends 10.3” (500 lJC) from the large 1111 region (abo~c  l“lubblc

11 ill )rigurc  1 ) that it apparently is associated with. q’hc upper region of the l>ubblc has a

dial  nctcr of 6“ (290 pc), below which it IIarrows, then widens again to a clian~ctcr  of 8“ (390

pc) at tl)c  1111 r eg ion . ]t is diticu]t  to dctcrlninc  if this bLlbb]c is a Snlall blowout 0]1 top of

a larger bubble  or a sillg]c  tilted and c]ol]gatccl  s tructure.

‘J’his  second bubble  IIas a n~agl]itude  of 17.1-17,6, corresponding to a luminosity of

2.5- 4.0 X103S C!l’g S-l. ‘J’llc large 1111 region in tlic pla)]c  inlnlccliatcly  bcncatll  it has a

n~agnituclc  of 16.6- 16.7 or a lunlinosity  of 5.8- 6.3 x103s crg  s– ], approxinlatc]y  1.5 to 2

tilncs  brighicr  than the bLll)blc. If the smal]cr 1111 region to tllc left of the larger onc is

incluclccl,  tile n~agjlitude  i])creascs  to 16.1- 16.2, for a total  lulninosity  of 9.1-10 X10 38 erg

s - ’ .

Other, more diffuse bubbles and l>ubblc fraglnent,s  also call bc seen ill l~igurc 1, thoug]l

at lower levels of signifi  can  ce. ‘1’o the left of IIubb]c  11, a faint arc 23” lcjIjg  (1.1 kpc)  appears

to bc part of an elongated, faclcd  l~ubblc. Straighter “worIns” al Jpcar  on l]clth  siclcs  of tl]c

disk, with typica]  lc!ngths of 1 O“ (480 pc). ‘1’l]cxc ‘(\vo]]]ls”  a,r~ rclnilliscc,llt  of tll C 1 I 1 WOI’I 11s
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founcl by IIciles (1 984) in both shape and scale. There is a great deal of frothy small-scale

structure in the emission-line gas within 1 kpc of the midplanc,  while farther away from the

disk, little or no structure can bc seen.

‘1’hc  diflusc emission-line gas found in previous stuclics  (Ilancl  ct al. 1990, l)ettmar

1 990) is clearly in cviclence  in our image. ‘1’owards the nuc]cus  of the galaxy, diffuse emission

is seen to the edges of the frame, however, it disappears rapidly and abruptly as one moves

away from the nucleus. Figures 3a and b illustrate this more quantitativc]y  with average

pixel va]ucs  taken parallel to the p]anc on both sides of the galaxy. I;ach point rcprcscnts

an average taken over an 11 x 11 pixc] (2.8” x 2.8”) box. The pc~aks correspond to either

onc of the two bubbles discussed above (rows 250- 300) or a strip  across the top of the inlagc

(approxin~atc]y  row 450) where the bright star saturated ancl blecl across the rows, ‘J’here is

a clear and prccipitious  dcclinc in the values at the san~c raclius  wl]crc  the disk 1111 regions

bc~comc much less pronlincnt.  ]n section 4, we attcnlpt  to nlodcl  tl]c cxtrap]anar  structure

rcsponsib]c  for this hchavior.

‘J)hc  spectroscopy rcveaJs  systclnatic  shifts  in the 11 Q lilic as cjT)c nqc)vcs  out from the

p]anc of the galaxy  along tllc 2 kpc filanlcl]ts  (1’’ig. 4a ant] 1)- points wit]) error bars) and

no such shifts--to within  the error of our observations- pcrpcllciicular  to the plallc ]lcar  tllc

nuclcws  (lJig.  4c). ‘J’he  velocity diffcrc]]cc  is as large as 55 li]]l s--] alol)g  onc of the filaments.

Since in two of the tl]rcc spectra wc did ]]ot ]Jlace  the s]it ])erpcl)dicular  to the plane of the

galaxy, clctcrn~ining  whether tllc  diffuse gas is corotatillg  or not requires a njodcd of the

cn~ission  nlcasurc ant] vc]ocity  field of the galaxy (indicated by tl]c  solid ]incs- Scc lx?] Olv

for discussion).

4. Afloclcls
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‘J’here were two stages to our Inoclcling,  cacll of which can bc tcstecl  against the

observational results discussed above. The first stage was to nloclcl  the tllrcc-(lilllcllsiollal

spatial distribution of the emission nlcasurc. ‘1’his  spatial nloclcl was projcctccl against the

p]anc of the sky in order to conlpare  it to the nlcasurenlcnts  of the brightness of the diffuse

cn~ission  observed above ant] below the p]anc of the galaxy. Once a goocl  spatial model was

founcl,  the second stage was to usc it and the rotation curve of the galaxy  to predict the

vc]ocitics of the cxtrap]anar  gas assulning  that tl]is gas is corotating  with the galaxy. q’his

velocity nlodcl  can bc colnparcd  to the spectroscopic observations to judge whether

systcnlatic  shifts seen arc the result of significant non-corotat,ing  velocities above and

the p]anc.

the

below

l~or tllc first stage, wc expcrinlcntcd  with two  simple tllrcc-clilllcllsiollal  spatial INOCIC]S

to dctcrn~inc  w]lich  nlorc  accuratc]y  describes tllc  diffuse extrap]anar  cnlission.  Onc n~odcl

is a disk wit]l  constant cnlission  nlcasurc  pcr unit area as a function of radius (tllc cnlission

measure CIOCS cl]angc  as a function of height above the disk) and a sharp cutoff at the cclgc:

‘J’l)c  other is a disk with an cxponcntial]y  clccayillg  clnission  n~casurc  with scale length r.:

I!!iuf = l{c-’’~”.

1]) both cases wc assunlccl  an optically t])in edge-on disk al]cl  projcctccl

tl]c plane of the sky to obtain  the tl!~o-clilllcl]siollal  clnission  mc:asurc  to

p]lotc)ll)ctry  of i,l]c cliffusc  emission.

!l’hc two spatial ]noclc]s  procluccc]  very clif~crcnt  rcsu]ts  for this first

t}lc I11OC1C1 onto

conlparc:  with tl lc

sta,gc of ]ncjdc]ing.

‘1’hc  Cxponcntial]y  clccayillg  cnlission  n]casurc  Inoclcl projcctcd  against  tllc plallc of  the sky

bccomcs  a pelf’cr  lalv Clc!clinil)g  as a functio]l  c)f clistallcc  from  tllc Cclltcr.  ‘1’hc projcctccl
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cmission  nlcasure for Lhc constant moclcl as a function of radius is

Wl)i]c  t}]c constant nlodcl  is Inuch  more sinlilar  to the observations Lllan tl)c  exponential

n~oclcl  (Figures 3 and 5), it is not a perfect match. ‘J’l)e  radius of the galaxy r~ai.l:v  as

dctcnnincd  from the observations varies with height al>ove the disk, perhaps duc to dust,

altl)ough  a good working value is 2.7’ for this side (N1~) of tllc galaxy. in addition,  wl)i]c

the cast side behaves nluch like the nlodel  predicts, tllc west siclc shows a n~uc.h  sharper

dropoff  than predicted. Some of these shortconlings  nlay stcn~ fronl the sin~p]icity  of the

lnoclc],  while others may arise from the limitations of tlIc  observations. l)ccausc  LIIC field

of view of t,hc CC]) wc used is so small compared to tllc angular size of iYGC S91 , there

was Ilot enough sky in the image to pcrfonn  an accurate sky subtraction]. in addition,

tllc ilnagc nlay contain a gradient which was clifflcu]t to clctcrnlinc  duc to the lack of sky.

IIotll  of these problc]ns  arc only at the fcw I)N ICVC1, t hough ;  tl]c  constant  nloclcl fits the .

observations quite WC1l considering its sinlp]icity,  so wc usccl it i]) tllc second stage of the

nlodcling.

‘1’hc second stage of the modeling used the constant spatial ]noclc], but also rcquircc]

so]nc  infornlation  about Lhc rotation curve of I,]]c  galaxy. Acc,oldil]g  1,0 ]/,U1>CIl (] {)~] ), I,]]c

111 rotation curve of NTGC 89] is “rougl]]y  flat” at, a vc]ocity  of 225 k]]] s-’ for radii bctwccn

1.2’ and 5.5’. IIis data also S11OW  the rotation  CU117C il)crcasillg  lincar]y  from  O to 225 knl  S-’

as tllc raclius incrcascs  from (1 to 1.2’. Wit)h this ]noclc] of the veloci ty flcld of tllc galaxy

and tllc co~lstant  spatial n~odcl dcscribcd above, wc prcc]ictccl tile velocity cclltroic]s  of tl]c

c]nission  lillc gas along the three long-slit spectra. ‘J’hc spcctrosc.epic ol>scrvatlio]ls  and the

velocity Inodcl’s  predictions arc in 1~’igurcs 4a- c.

Onc feature that is a.pparcnt 011 LIICSC l)lots  is tllc high observed velocity (tl}at  is, low

vc]ocity  rc]ative  to tlIc  ccntcr of the galaxy) of the ccntra] a])crturc (distance frOII-I  IJlanc =.



O) in all three spectra, but  this apparen~ deviation is cxpcctcd. IL is due to the aperture’s

sampling the dense, clusty  disk rather  than the transparent extrap]anar  gas. Since  the

ccntra]  aperture samples the outer edge of the disk (which is IIot at the tangent point of the

rotation curve at that radius), it obtains a sn~allcr  radial velocity relative to the center of

the galaxy. ‘1’hc  n~odcl thus sl~ould bc applied only to the velocities of the apertures outside

the plane.

A further question is whether dust could bc distorting the velocities mcasurccl  outsiclc

t]lc  p]anc. ‘1’his  can be estimated using Rupcn’s (1 !391, 1992) 111 observations of NGC 891,

assun~ing  that 111 traces the dust and the dust’s properties arc sinlilar  to that ill the Milky

Way. ILupcn finds that at the positions where wc have iakcn spectra,, the colunln  density

of 111 ill the plane is 1022 cm-2 and the vcrtica]  distribution of 111 is well-fit by a gaussian

With ~ = 3’1. Using the 111-to-extinction conversions of IIohlin  ct al. (1 978), the extinction

at I ICY for the ccntcrs of the apertures just outside the ccntcr of the plane ranges from 0.15

to 0.51 lna.gnitudes,  dcpcndillg  on tllc spectra] cut’s angle with respect to the p]anc.  ‘J’hc

extillctiol]  is negligible for all apertures furtllcr  froln  the plane, t]lus  only the two a,pcrturcs

closest to the ]Jlallc ill each s])ectra  cut arc possibly affcctcd  by dust extinction, and those

arc aflcctcd only to a lin~itcd  extent. Also, tl~crc is cvidcncc  that in the Milky Way, dust is

n~orc tightly con fincc]  to tllc disk than 111 is. l)i])las  & Savage (1993)  find tl)at the clust  scale

IIcight  is lCSS than 80$1o of that of 111 (152 pc for dust versus 195 pc for 111), so extinction

duc to dust nlay bc even ICSS than cstin~atcd above. Of course, tllc dust is not all snlooth]y

distrilmtc(l-  -the dusty  ‘Ltcrldrils’)  seen cxtcllding  out of tl]c  clisk of NGC 891 (I{cppcl  ct

al. 1 990) arc not accounted for in this trcatnlcnt--  but there is no systcnlatic  way of treating

Illlcsc IIo]l-llllifollllitics  in tl)c  dust distribution. ‘J’l]c large l~Wll M’s fou]ld  i]] our slJcctra

(disc.usscd  bc]ow)  inlply  that wc arc seeing all tllc way throug]l  tllc galaxy, ho,vcvcri

‘1’llc spectra. takcll along filan~cnts  snow significant deviations fro]))  tllc  lIlodcl vc]ocitics,

~t~lli]~ ~hc s]~~c,tr~lln  takc]~ near t,]~c nuc.lcus  agrees well lvitll I,l)c ]Ilodcl  prcdictiolls.  Sl)cctrulll
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A- taken ihrough  a filanlcni  on the cast side of the galaxy—shows slightly nlore than 1 0

dcwjations  on the filalment  side, but 30–50 knl/s  deviations on tllc west side. ‘J’hc diffuse

gas on the west sicle is rot sting jastcr  than corot ation. Spcctrunl  ~~-–takcn through a

filalnent on the west side of the galaxy---appears to llavc  velocities systcnlatically  lower

than coronation. The trend across the galaxy is sin~ilar to the n~odel, but is 20--30 l<m/s

slower than coronation. ]n genera], Lhc prescncc or absence of a filanlcnt  seenls  to n~akc

little difference in the nlcasurcd vc]ocity  structure of the extra.planar gas.

In addition to modeling the line centers, wc nlodclcd  t]lc fLl]]-Jvidtll-]  lalf-lllaxilllLllll

(lWIIM) of an crnission  line in the coronation model for con~]>arison  with the observed

va]ucs,  Using l)ltAWSl>ltC,  1 we fit theoretical ]incs for each aperture with gaussians  to

obtain FWI1  M’s, then found the nlean for each  cut, weighting by the errors of the observed

aperture FWHM’S. WC subtracted the instrun~cntal  l~wl] M fronl the observed aperture

1+’WJ1  h!l’s,  and found a mean value for cac})  cut, also weighting by the observed errors (’1’ab]c

1). ‘1’llcrc is no observed I“WIIM  for cut C bccausc  tllc  aperture values cluster arouncl  tllc

illstrunlcnta]  l~’Wllh  4-- -it is illclistillgtlis}lal)le  froln  an uIIrcsolvcd  line.

‘1’hc theoretical F\Vll h4 for spcctrun~  A is within 1 u of the observed one, but for

spcctrunl  D it is over 2 0 below it. In both cases, the o}xcrvccl l“\VlIh4  is greater than

tllc theoretical one. Since each aperture has an intcrna]  dispersion on the order of 6 kn~

s--’ (slnallcr  than the obscrvationa]  error), this incrcasc  in the lJ\YIlh4  is not  sin~p]y duc

to dispcrsio)l  within cacll  aperture, but ratllcr it nlust reflect overall bc]lavior  witl~in  the

cx t rap] an ar gas. It is unc]car whether this jncrcasc  is CIUC to randonl  or ordered velocities

ill tllc filan~cnts,  or both. If it is due to turbulence alollc,  the turbulcllt,  vc]ocitics  for cut 11

arc as high as 100 k]n S–l.

‘ l)ltAWS1’1’;C  is a, spectral analysis I)rogranl  dcvclo])cd  by 11. l,iszt at tllc  National ILadio

A strononly  Observatories.
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5. Di scuss ion  and  Conc lus ions

‘1’l)c properties of supcrbubblcs  in NGC 891 can be con~pared  to those  in our galaxy,

which is similar  in type and n~ass to NGC 891, and the nearby spirals h131 and M33.

Su]xNbLIbbles  in our Galaxy (Iikc the l,ocal Supcrbubble)  have radii  on the orclcr of

100-1000 pc and kinetic energies of approximatc]y  1050 – I 054 ergs (McCray  & Kafatos

1987 and rcfercnccs  therein) .  111 1101cs in h431 (llrinlis  & IIajaja 19S6) and M33 (Deul  &

dcn  IIartog  19!30) arc very sin~i]ar,  ranging in size fron~ tllc resolving power of tllc, survey

up to 1000 pc and in energy 1049 – 1054 ergs. I{’or both galaxies, the mean kinetic energy

pcr llolc  is 1051 ergs  and the nlcan  agc is approxilnatc]y  5 --- 10 x 106 yr, giving al] average

luminos i ty  o f  1 --3 X 1036 crg s- ].

‘J’hc two  nlost  pronqincnt  bubb]cs  that wc found had diameters of 500-600 pc and filter

]un-linositics  of roughly 1038 crg s-l. q’his size is sin~ilar to tllc 111 holes found in the Milky

Way, i1431  , and Iv133,  but  the lun~inosity  - cven  if coIrcctcxl  for [AT I I] enlission-  -is nlorc than

all orc]cr of nlagnitudc  greater  than tllc average lunlillosity  of tlie 111 lio]cs. q’his lat ter

difference n~ay be duc to a. rapid loss of energy in the early stages of su]]crbubblc  evolution;

it is unlikely that the ]unlinosity  remains consta])t  over the entire lifctilnc  of a Lubb]c.  Sonic

of the fainter bubbles and filaments ill NGC 891 extend up to I I<]Jc from  nlidplanc  (I{and

ct al. 1990 found fi]anlcnts  n~orc than 2 kpc long), but ~nost of the faint structure is on the

scajc of 200-500 pc. Mac I,ow,  h4cCray,  & Norlnan  (1989) suggested that tl]c  10WCY IlaJo of

tllc h4 ilky Way  nlight  bc “a frot]l  of n]crgcd  Supcrbubblcs)’, al~d tl~c 10WCI  halo  of tllc h’lt

s ide of  NGC 891 appears  to bc sin~ilar to this picture. L4a11y faint arcs and fila]ncmtls  arc

scc]l witl]in  a kl)c of tllc plane. Ilo obviously lncrging  bubb]cs  arc al)parcllt,  but  this may

bc duc solely  to rapid  faclil]g of tile clnission-line lurlinosity  of tllc bubbles.

‘1’hcorics of supcrbubb]c  formation and evolution sugp;cst  tliat bubb]cs  will elongate

ill tl)c  z clircction  as they cxpandj bccolning  cl l iml]ey-l ike as t]iey  break out, (h4ac I,OJV,
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McCray, and Norman 1989, Norman  & lkcuchi  1989, Tonlisaka 19!31 ). ‘J’hc bubbles  and

bubble  fragments seen  in the Ha image of NGC 891 provide neither strong support nor

contradiction to this view. While no obvious ‘tchin~neys’)  arc seen, most of the structur-cs

visible are n~ore extended in the z direction than in the radial ‘direction. ]n addition, the

cnlission  appears enhanced at the top of both of the comp]etc  bubbles, perhaps indicating

that they arc approaching breakout.

Coronation of the extraplal]ar  ionized gas would in~ply  that this gas is enlcrging  from

the disk, rather than accreting fronl  the halo, but the observed departures from  coronation

can also bc acconlodated  if the gas comes  fron~ the disk. ‘Me  prescncc of IIa fi]amcnts

and bubbles in~plies that wa,rn~  disk gas is escaping fronl  the p]anc towards the halo. ‘1’hc

dcpa.rturcs  fronl corotatio)]  n-Lay inlply is that tllc violence of the proc.csscs  sc.nding disk

gas into the halo produces substantial turbulence in the cxtraplanar  mcdiunl,  ‘1’his  view

is su])por~cd  by the large 1~’Wllh4’s of the IIa line along the two filalncnt  cuts. Also, the

expansion and breakout of the supcrbubb]cs  likely ilnparts  sonle  significa]lt  vcloc,ity to tl]c

gas invo]vcd.  in adc]ition,  tile high velocity 111 cloud study of l{aclb]c, de IIocr, &t Grcwing

(1 985) shows that in the Milky Way, these clouds fall 1)C1OW coronation by approxinlatc]y

150 1;111  s-l and that this behavior is consistent with the predictions of galactic fountain

theory, While warm gas n-Loving from  the disk to the halo should be closer to coronation

than would bc cold gas falling back into the disk fron~ tl)c halo, our dc])arturcs fronl

coronation of under 40 kn~ s–] are nloclcst  conlparcd  to the nigh velocity clouds’ departures.

‘1’lic spatial and vc]ocit,y structure of tile cxtraplanar  emission-line gas ill NGC 891

is clearly very conlp]icatccl,  and this study has produc.cd  intriguing, if not unalnbiguous

results. More prccisc  spectroscopy of the 2 kpc filan~cnts  ancl  tlIc  c]ifl’usc  gas M70uld help

dctcrlninc  tllc extent of the gas’s departure from  coronation, ancl  spectroscopy to larger lzl

would l]cl])  clctcnninc wllcthcr the departures seen arc fronl  turbu]cllt  or sys~clnatic nlotiolls

in tl]c gas. l“urther  study of NGC 891 should hc]p  us understand the dyl~alnic  ]laturc of the
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interstellar nlcdiun]  in our own galaxy Jnuc]l more clearly.

This n~atcrial  is based upon work supported under a National Scicmcc l~oul)dation

Graduate Fellowship and NASA grant NAGW-21  35. WC thank 1{.. Rand for the usc of l]is

IICY image of NGC 891 and M. ]{upcn  for additional infor~nation  about 111 in that galaxy.

‘1’his  research has nlade use of the NASA/IPAC l;xtragalactic  l)atabasc  (Nlill))  which

is opcratccl  by the Jet l’ropu]sion  laboratory,  Califon]ia  lnstitutc  of !l’cchno]ogy, unde r

contract with the National Aeronautics and Space Acln~inistration.
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SpcctrLInl  M e a s u r e d  IHVII N4 l’rcdictccl  I’WII h4

A 108 + 10 km/s 97.6 k113/S

11 113 + 1[; kin/s 74.8 l<ln/s

c /n a nfa

‘i’ab]c 1:  Mcasurccl  and prcdictccl  (coroLaLioll  nlodcl)  f~lll-~~~icltlls-ll  zLlf-l~la.xilll~lln



-18-

l“ig. 1---- Colltillulllll-subtracted lIQ image of the Nlt siclc  of NGC 891. ‘J’hc upper image has

bccll  convolved with a Gaussian with l~\l~lIh4  ==1 .25”; the 10WCY in~agc is a gradient-shaded

version of the upper image. Gradient shading clnphasizcs  cliff’crcnccs  hctwccn adjoining

pixc]s.  ]n both images, north  is to the lower right,  cast is to the upper right.

IJig. 2----- IICY nlap of NGC 891 courtesy of R. Rand, lnarkcd to show the spectra taken ill

this study. North is up, cast is to tl]c  left.

l~ig.  3.- Average pixel values parallel to the p]anc on tl]c  cast (a) and west (b) sides versus

radial distance fronl the ccntcr of the galaxy. III 3a, the crosses rcprcscnt  values taken 17“

(0.82 kpc)  above the plane and stars rcprcscnt  values takcll 25” (1.2 kpc)  above tl]c  plane. 1];

31>, tl)c crosses rcprcscl]t  values taken 15“ [0.73 kpc) above the p]anc and the stars rcprcscnt

values taken 31” (1.5 kpc)  above the pla]lc.

l’ig.  4.-  Observed l ine ccntcrs of 11 m alolig  the three spectra]  cuts n~arkccl  ill Figure 2

(points with error bars) and thcorctica] prediction of the vc]oc.ity structure of an optica]]y

thin c.orotating  halo ( so l id  lillc).  l~igurcs 4a- c rcprcscl]t  cuts A- C, rcs])cctivcly.  ilegatilc

distances arc cast of tl)c  plane, posit, ivc distances arc west.

l“ig. 5.- ]’rojcctcd  elnissioll  nlcasurc for all o p t i c a l l y  thil~  halo as a functiol)  of r a d i a l

distallcc,  fron~ the center of Lllc galaxy for I,l]c truncated (a) and cxl)oncntial  (b) Inodcls.


